Restriction-modification (RM) systems comprise two opposing enzymatic activities: a restriction endonuclease, that targets specific DNA sequences and performs endonucleolytic cleavage, and a modification methyltransferase that renders these sequences resistant to cleavage. Studies on molecular genetics and biochemistry of RM systems have been carried out over the past four decades, laying foundations for modern molecular biology and providing important models for mechanisms of highly specific protein-DNA interactions. Although the number of known, relevant sequences 3D structures of RM proteins is growing steadily, we do not fully understand their functional diversities from an evolutionary perspective and we are not yet able to engineer new sequence specificities based on rational approaches. Recent findings on the evolution of RM systems and on their structures and mechanisms of action have led to a picture in which conserved modules with defined function are shared between different RM proteins and other enzymes involved in nucleic acid biochemistry. On the other hand, it has been realized that some of the modules have been replaced in the evolution by unrelated domains exerting similar function. The aim of this review is to give a survey on the recent progress in the field of structural phylogeny of RM enzymes with special emphasis on studies of sequence-structure-function relationships and emerging potential applications in biotechnology. 
Restriction-modification (RM) systems occur exclusively in unicellular organisms and their viruses. They comprise opposing intracellular enzyme activities: DNA endodeoxyribonuclease (ENase), that recognizes and cleaves its target site, and a DNA methyltransferase (MTase) , that transfers methyl group from S-adenosyl-L-methionine (AdoMet) onto specific nucleobases within the target, thereby protecting it from the action of the ENase. Methylation occurs either at adenine or cytosine, yielding N6-methyladenine (m 6 A), N4-methylcytosine (m 4 C) or C5-methylcytosine (m 5 C). In symmetrical sequences, the same base is methylated on both strands. The methyl groups lie in the major groove of the DNA helix, in positions that do not interfere with base-pairing, but that change the "epigenetic" information content of DNA. For instance, methylation of only one strand of the target (hemimethylation) is usually sufficient to prevent cleavage by sterically hindering binding of the ENase to the target. This guarantees that after DNA replication hemimethylated daughter duplexes eventually become fully re-methylated rather than being cleaved [1] . RM systems were originally suggested to evolve as a defense mechanism against phage infection and other types of DNA invasion [2] , and serve evolutionary purposes by producing gene-size fragments of foreign DNA to be integrated into the host chromosome via recombination [3] . There are also cases of seemingly quite typical RM proteins known, which are involved in quite sophisticated physiological processes, such as regulating competence for DNA uptake [4] . Moreover, some DNA repair systems in Eubacteria can be regarded as descendants of RM systems or vice versa. Presently there is a large body of evidence that many RM systems are highly mobile elements involved in various genome rearrangements, and that many of them exhibit "selfish" behavior, regardless of potential benefits for the host they may confer (reviewed in ref. [5] ). With the abundance of literature it is beyond the scope of this review to fully cover all research articles on the biochemistry and genetics of RM systems; instead I will focus on the recent studies of their sequences and structures and rather recommend several excellent reviews that can provide a complementary viewpoint to that presented in this article [6] [7] [8] [9] [10] .
CLASSIFICATION OF RM SYSTEMS
RM systems were subdivided into three basic types (I, II, and III) based on the number and organization of subunits, regulation of their expression, cofactor requirements, enzymatic mechanism, and sequence specificity [1] . However, further types and subtypes have been proposed as new, distinct RM systems have been discovered. The biochemical properties of the "novel" systems are intermediate to those of the "old" ones, and their most striking feature is that they seem to combine protein domains originated from the "old" systems in unprecedented structural contexts. Recently, a novel nomenclature for the "subtypes" has been proposed at the "DNA Enzymes: Structures & Mechanisms" conference in Bangalore (December 2000) [11] .
Type I RM systems
Type I are the most complex systems -they comprise three subunits: S for sequence recognition, M for modification and R for restriction (reviewed in refs. [7, 8, 12] ). The S and M subunits form a DNA : m 6 A MTase (with a stoichiometry of M 2 S 1 ), which recognizes and modifies DNA within the specific sequence and exhibiting a strong preference for hemimethylated DNA, which is quite unusual among prokaryotic MTases. The complex of all three subunits (R 2 M 2 S 1 ) becomes a potent restriction enzyme [13] . A schematic diagram showing the complex architecture of type I RM protein is presented in Fig. 1 . If the type I ENase encounters unmodified target, it dimerizes rapidly [14] and initiates an ATP-dependent translocation of DNA towards itself simultaneously from both directions [15] . This process causes the extrusion or contraction of DNA loops and results in extensive supercoiling of DNA. Cleavage is elicited at variable distance from the recognition sequence once translocation stalls [16] . Since type I systems cleave DNA nonspecifically at considerable distances from the unmethylated target sequences, they have so far failed to provide useful analytical reagents for modern molecular biology.
Type III RM systems
Type III systems were initially grouped together with type I systems as one family of ATP-dependent restriction enzymes [17] . However, once it was recognized that they comprised only two subunits (termed M or Mod for modification and R or Res for restriction), their recognition sites were only 5-6 bp long and not bipartite, and they cleaved at about 25 bp downstream of the recognition sequence, they were classified as a novel type [18] . Nevertheless, they are mechanistically similar to type I enzymes: the M subunit alone acts as a MTase and in a complex with the R subunit elicits ATP-dependent DNA translocation and cleavage [19] . A schematic diagram showing the domain architecture of type III RM proteins is shown in Fig. 2 . AdoMet is required for methylation, but also for the efficient cleavage [20] . Type III ENases do not digest the substrate completely, leaving some fraction of sites always uncut. Another peculiarity of type III systems is that they methylate only one strand of the target, which leads to generation of unmethylated targets after each round of chromosome replication. However, it has been found that cleavage by type III enzymes requires two copies of the target sequence in a head to head orientation. In contrast only one sequence copy is needed for methylation to occur, which promotes re-methylation rather than degradation of the unmethylated strand [21] . It has been recently shown that type III enzymes exhibit R 2 M 2 stoichiometry and that two such complexes cooperate in double stranded (ds) DNA cleavage on the 3¢ side of either recognition site [22] . Interestingly, the top strand is cut by the ENase proximal to the cleavage site, while the bottom strand is cut by the distal ENase in the collision complex. Vol. 48 Restriction-modification systems 937 a) The M (HsdM) subunit comprising a single MTase module with N-and C-terminal extensions, b) the S (HsdS) subunit that exhibits circular pseudosymmetry, comprising variable TRDs and conserved spacer domains, c) the R (HsdR) subunit comprising modules implicated in DNA cleavage, DNA translocation and binding to the M 2 S complex, d) proposed architecture of the M 2 R 2 S complex recognizing its bipartite target using two TRDs, generating DNA loops and cleaving DNA at a distance. For the sake of clarity, only one M 2 R 2 S complex is shown, although dimerization is necessary for DNA translocation and cleavage to occur [16] , and the aspect of other possible interactions between the domains cleavage is ignored.
Type II RM systems
Type II systems are the simplest and most abundant of the RM systems, with MTase and ENase activity exerted by two distinct enzymes encoded by gene pairs. The archetypal ("orthodox") type II enzymes recognize short palindromic sequences 4 to 8 bp in length and methylate or cleave within or immediately adjacent to the recognition sequence, however numerous exceptions to that rule have been identified (see below). Type II ENases and MTases have been intensively studied from the structure-function perspective -they are the only RM proteins for which crystal structures have been solved to date (September  2001: atomic coordinates for 12 ENases and 7  MTases are available; see Table 1 ).
Type II MTases (Fig. 3a) are the most diverse -though DNA: m 6 A MTases are common to all major types of RM systems, so far all Prokaryotic m 4 C and m 5 C-generating enzymes were classified as bona fide type II, with only few exceptions among "solitary" enzymes believed to be very closely related to type II MTases. Type II m 5 C MTases became a paradigm for nucleic acid enzymes that induce "flipping" of the target base into the catalytic pocket [24, 25] . They also served as a model for the studies on mechanism of AdoMet-dependent methylation of nucleic acids [26] [27] [28] a) The M (Mod) subunit comprising a MTase module with the TRD localized within an insert, b) the R (Res) subunit comprising modules implicated in DNA cleavage and DNA translocation, c) proposed architecture of the M 2 R 2 complex comprising two enzymes bound to sites in a head to head orientation. For the sake of clarity only one R and one M subunit in each complex interacts with the DNA and possible contacts between elements other than the ENase domains are ignored. Type IIT restriction endonucleases are composed of two different subunits (Fig. 3c ). For instance, Bpu10I is a heterodimer that recognizes an asymmetric sequence (it probably evolved from an orthodox homodimeric type II enzyme in which two subunits diverged, or is a hybrid of two related type II systems) [35] . On the other hand, BslI is a heterotetrameric enzyme (a 2 b 2 ) that recognizes a palindromic sequence [36] .
Type IIE ENases, like EcoRII or NaeI are allosterically activated by binding of a second recognition sequence and therefore require two recognition sites for cleavage (Fig. 3d) . They have two separate binding sites for the identical "target" and "effector" DNA sequences [37, 38] .
Type IIF enzymes, like type IIE require binding of two identical sequences for cleavage, however they cleave them both in a con- Vol. 48 Restriction-modification systems 939 (Fig. 4) a) The ENase/MTase subunit, b) the S subunit, c) proposed architecture of the (MR) 2 S complex of the BcgI RM system that cleaves DNA at a limited distance at both sides of its bipartite type-I like target (compare with Fig. 1d ). 
RM systems of other types
There are also some RM systems that do not fit into any of these classes -they likely represent genuine hybrids of "regular" types, which arose by fusions of their separated components, but so far no robust phylogenetic study has been undertaken to infer the pathways of their evolution. For example it has been also suggested that type II ENases may couple with type I MTases with a cognate sequence specificity, giving rise to the chimerical "type 
Solitary ENases
Paradoxically, the first restriction enzymes described were McrA (RglA) and McrBC (RglB) from E. coli, which do not form a part of a RM system since they do not associate functionally with any particular MTase and their ENase activity is not inhibited by methylation of the target. Conversely, they specifically recognize and cleave sequences containing methylated or hydroxymethylated cytosine (m 4 C, m 5 C or hm 5 C, respectively), unless it is glucosylated as in wild type T-even coliphages [65, 66] . Together with the E. coli Mrr enzyme, which targets modified adenine or cytosine in a poorly defined sequence context [67] and Streptococcus pneumoniae DpnI ENases [68] they make up a separate type of modification-directed restriction (MDR) enzymes. Another unusual enzyme of this class is PvuRts1I, which restricts DNA containing hm 5 C, even when it is glucosylated. A MTase-like gene has been found near PvuRts1I, but neither its activity as a modification MTase nor influence on the PvuRts1I-mediated restriction could be demonstrated [69] . The MDR enzymes can be thought of as free-standing predecessors of RM system components or as nucleases that abandoned RM systems (for instance following the "death" of their cognate MTase) to become "ENases on the loose". Alternatively, the MDR systems may be seen as products of the "arms race" between bacteria developing new defensive weapons against T-even phages and the viruses protecting their DNA using increasingly more complex modifications (reviewed in ref.
[70]).
Another class of sequence-specific nucleases, whose relationships with restriction enzymes were not known until very recently, are the so called "homing" ENases (reviewed in refs. [71, 72] ). A large number of these enzymes has been identified in Eukaryotic nuclear and organellar genes, but there are also a few, which have been found in Prokaryota and their phages. They function in dissemination of certain mobile introns and inteins by cleavage of long, asymmetric, and degenerate sequences. Creation of recombinogenic ends promotes gene conversion, which leads to duplication of the intron. Homing ENases and some freestanding intergenic ENases, which share functional properties and sequence similarities, can be grouped into three families of presumably independent evolutionary origin (LAGLIDADG, HNH, and GIY-YIG) [73] . In this review I will refer only to the structural data on members of HNH and GIY-YIG families, which are relevant to the evolutionary studies on genuine restriction enzymes.
Solitary MTases
Another group of enzymes related to RM enzymes are DNA MTases not associated with restriction enzymes. They are generally thought to be involved in gene regulation, chromosome replication, and DNA repair, though only few enzymes of this category are characterized in enough detail to justify unequivocal definition of their physiological function. The best studied examples is the GATC-specific Dam (DNA m 6 A MTase) of E. coli and related g-Proteobacteria, which has been implicated in numerous regulatory processes including control of expression of virulence determinants, and in methyl-directed mismatch repair (reviewed in ref. Other MTases not associated with bona fide restriction enzymes are specified by viral genomes or conjugative plasmids, and serve to self-protect the invasive DNA from restriction endonucleases when it enters a new host.
Some phages carry MTases with Dam-like specificity, but it is unclear whether they have regulatory functions or serve to counteract restriction enzymes with cognate specificities [6] . An intriguing group of "antirestriction" MTases has been identified in several Bacillus subtilis phages -these enzymes can each recognize and m 5 C-methylate several different targets, which are also targets for RM systems of the host. Based on the analysis of the multispecific MTases carried out by Trautner's group a modular model of MTase organization has been proposed, in which specificity of the core enzyme was achieved by a combination with a variety of sequence-specific modules [81, 82] .
STRUCTURAL AND FUCTIONAL DOMAINS OF RM SYSTEMS
Dryden [6] suggested that the MTase composed of the target-recognizing domain (TRD; see next section), catalytic subdomain and AdoMet-binding subdomain can be thought of as the structural core of a typical RM system. In this respect, the RM system is made up by association of the MTase with a DNA cleavage (ENase) module and in some cases a DNA translocase module. Thus, all polypeptide subunits either exert their activity in a protein complex containing MTase, which interacts with the target DNA sequence via its TRD, or they have functional autonomy owing to a separate TRD analog. (Fig. 1) ; to my knowledge, such domain has not been delineated to date in primary structures of type III R subunits. The apparent modular architecture of all enzyme types suggested that shuffling of a quite limited repertoire of modules and domains conferring particular functions is the main force driving their functional diversification (Figs. 1-6 ).
The target recognition domain (TRD)
Target recognition domains have been operationally defined as regions responsible for sequence-specific binding of RM proteins to the target DNA. They have been initially (and most clearly) defined for mono-and multi-specific m 5 C MTases [81] and the S subunits of type I RM systems [83] , in which they are long, variable sequences, surrounded by well conserved motifs. In the multi-specific m 5 C MTases from several bacteriophages of Bacillus subtilis, certain mutations in the variable region can abolish one target specificity while leaving the others intact. By mapping the mutations and studying the specificity of chimeric proteins, Trautner and coworkers determined that each target sequence is recognized by its own TRD and defined its minimal size as approximately 40 amino acids. Nevertheless, they failed to generate enzymes with novel specificities by shuffling of gene fragments except for instances where entire TRDs were exchanged [81, 84-87]. TRD swapping has also been successfully applied to alter the DNA sequence specificity of monospecific m 5 C MTases from Bacteria and Eukaryota [88, 89] , in agreement with the conclusion of a recent phylogenetic study focused on the m 5 C MTase family ([90], J.M. Bujnicki, unpublished) .
In type I RM systems, which recognize two short defined regions separated by a non-specific spacer of fixed length, each of these regions is recognized by an independent TRD (reviewed in ref. [91] ). Most of the S subunits carry two separable TRDs, each approximately 150 aa in length, within a single polypeptide. It has been proposed that the TRDs and the "conserved" domains in the S subunits have a circular organization (Fig. 1) providing the symmetry for their interaction with the other subunits and with the bipartite, asymmetric DNA target [92] . However, a naturally or artificially truncated S subunit comprising a single TRD and a set of conserved motifs can function as a dimer, specifying the bipartite, symmetric DNA target, suggesting that the present day S subunits are the result of a gene duplication [93] . The conserved regions can be thought of as a scaffold upon which TRDs are mounted, allowing them to be swapped among type I RM systems to generate new specificities. Indeed, natural combinatorial variation of the S subunits and the half-subunits in certain type I RM systems have been reported [91, [94] [95] [96] .
By analogy, the large variable regions found in most m 4 C and m (Fig. 7) . It is not clear if these similar TRDs result from independent gene fusion events or evolutionary convergence. Based on structure prediction and random mutagenesis, Dryden and coworkers suggested that the TRDs of type I enzymes may be similar to the TRDs of m 5 C MTases [103, 104] . Nevertheless, it is unclear to what degree the "alternative" TRDs are conserved in individual MTase subfamilies and if there are novel types of TRD yet to be discovered. For instance, sequence analysis demonstrated that certain monospecific MTases possess several variable regions, which may share the function of a spatially-discontinuous TRD [97, 105] . Some small MTases seem TRD-less, and it has been suggested that their specificity determinants reside within the short loops protruding from the catalytic face of the catalytic domain [106, 107] . Moreover, even the typical TRD-containing enzyme M.EcoRV (and presumably its numerous homologs) has recruited residues from at least two loops in the catalytic domain to make specific protein-DNA contacts [108] . In addition, it is not known how the series of TRDs are arranged in the multispecific m 5 C MTases, or how these complex enzymes interact with their multiple targets.
ENases also have to achieve sequence specificity. In the type I systems, the ENase specificity is provided by the same S subunit that is used by the MTase. Type II ENases, which interact with their DNA targets independently from their cognate MTases, may recognize target sequences using either an autonomous TRD fused to the catalytic domain, an ensemble of elongated loops projected from the catalytic domain or combination of both (reviewed in ref.
[10]). Generally, the first strategy is characteristic for type IIS enzymes that cleave at a distance and the latter two strategies for most other type II enzymes. For instance, X-ray crystallography demonstrated that type IIS FokI endonuclease comprises a non-specific cleavage domain and a large, compact TRD composed of three subdomains resembling helix-turn-helix domains [111, 112] . Similar bipartite architecture, albeit comprising structurally dissimilar TRDs and catalytic domains, has been predicted from computational sequence analysis for the type IIS en- Vol. 48 Restriction-modification systems 945 
The MTase domain
The MTase domain, which transfers the methyl group from AdoMet onto the target base, is the only truly conserved domain among RM systems; that is, representatives of only one of several unrelated protein families known to catalyze this kind of reaction have been identified in the context of RM systems (reviewed in ref.
[116]). Other enzymes, which generate different modifications to inhibit restriction, are evolutionarily unrelated and structurally dissimilar, including the only enzyme that generates a chemically similar product, the tetrahydrofolate-dependent cytosine-C5 hydroxymetyltransferase of T-even coliphages [117] . The conserved "MTase fold" is characterized by an a/b domain with a central seven-stranded b-sheet sandwiched between two layers of a-helices (Figs. 7, 8a) . It strongly resembles the architecture of the duplicated Rossmann-fold, with the only exception of a characteristic b-hairpin, involving strands 6 and 7, which is absent from Rossmann-fold proteins [118] . All DNA MTase structures exhibit very similar fold, with only minor variations of orientation and number of peripheral secondary structural elements. The approximate two-fold pseudo symmetry reflects the structural similarity of the AdoMet binding site to the target nucleotide-binding active site. This observation has led to the suggestion that the ancestral MTase arose after gene duplication converted an AdoMet-binding protein into a protein that bound two molecules of AdoMet and that the two halves then diverged [119] . An alternative hypothesis has been put forward that various MTases could have originated independently from Rossmann-fold proteins [101] . Supporting this view, a subsequent phylogenetic study using both atomic coordinates and corresponding amino-acid sequences suggested that MTases exhibiting the "typical fold" origi- Amino-acid sequence alignments of MTases revealed 9 relatively weakly conserved motifs and a variable region, localized differently in distinct families [124, 125] (Fig. 8b) . A MTases, however they lack a well-defined TRD [106, 127] . Similarly, sequence analysis and structure prediction for a small group of viral g-like Dam MTases indicated that due to the lack of TRD they cannot be put into any of the proposed classes [107, 128] . Besides, we have identified two families of enzymes closely related to DNA aminoMTases, namely 16S rRNA: guanine-N2 MTases and the HemK family of putative nucleic acid MTases that possess a large variable region at the N-terminus, and therefore should be classified as putative members of the z class [129, 130] . It has been also found that the m 4 C MTase M.MwoI exhibits the d architecture [131] , rather than previously proposed b [97]. Nearly all m 5 C MTases differ from the group g MTases only in the position of motif X, corresponding to a helix packing against the central beta-sheet next to motif I: in m 5 C MTases it is as the C-terminus, while in g MTases it is in N-terminus. Nevertheless, two exceptions to this rule have been identified: the M.BssHII MTase, which is a typical member of the z class with the TRD at the N-terminus followed by the conserved motifs IX, X, I-VIII [132] , and a family of putative de novo DNA MTases from Arabidopsis and maize (DRM2), that contain a MTase module with a unique arrangement of motifs: VI-VIII-TRD-IX-X, I-V [133] (Fig. 8) . Based on careful sequence analysis and molecular modeling it has been proposed that the atypical architecture of M.BssHII is not a result of a simple gene permutation event, but rather a series of recombination events between of fragments of genes coding for up to three different m 5 C MTases [134] .
Lately, models of circular permutation during evolution of m 4 C [105] and m 6 A MTases [135] have been proposed. Jeltsch argued that the domain permutation process needs duplication of a MTase gene, producing one enzyme with two catalytic domains. For instance, after formation of new start and stop codons in a hypothetical tandem gg-class MTase, a z-or b-like permutant would arise. This model corresponds to the widely accepted concept that a permuted protein may arise naturally from tandem repeats by extraction of the C-terminal portion of one repeat together with the N-terminal portion of the subsequent repeat, if the protein's N and C termini are in close spatial proximity [136] . Although the idea itself offers a plausible explanation for the origin of permutants within many protein families, the only duplicated m 6 A MTases known to date are the type IIS enzymes of the aa-class, whose permutation would eventually produce enzymes of the d or e classes that have not been identified to date. M.MwoI, the only plausible candidate for the d class known to date, is closely related to b MTases, and its putative TRD seems to have "jumped" from the position in the middle of the protein to the C-terminus without convincing evidence for duplication of the entire MTase gene (Ref. [131] and J.M. Bujnicki and M. Radlinska, unpublished data). In my opinion, simple interconversions of topologies from gg to b or from bb to g are rather implausible, since the TRDs of known MTases from b and g classes are unrelated [100, 102]. Moreover, the N-and C-termini of M.TaqI, the only g-m 6 A MTase whose 3D structure is known, are quite distant in space [100] . Still, this scheme may be valid for enzymes, which have not been identified yet, or whose sequences have not been studied in enough detail. Nonetheless, I believe that in most cases permutation of m 4 C and m 6 A MTases occurred via intragenic relocations of gene segments (i.e. "domain shuffling" [137] ), which left no evident intermediates or fusions and rearrangements of gene fragments [105] , rather than solely according to the "duplicate and get rid of redundant termini" scheme. However, to my knowledge, no systematic study has been published, which would infer the evolutionary history of shuffled fragments of MTase domains in enzymes other than M.BssHII [134] .
ENase domain
ENase exerts the second key activity of the RM system and therefore could be predicted to exhibit the degree of conservation at least similar to that of the MTase counterpart. However, among numerous ENase sequences known there are only a few that exhibit statistically significant similarity. The lack of sequence conservation has led to speculation that despite common features, such as a requirement for Mg 2+ and outstanding sequence specificity, most ENases may be unrelated to one another [138] . Initially, the only similarities were detected between type II izoschizomers, enzymes with identical cleavage specificity, which may be regarded as direct descendants of one ancestor, transferred horizontally to different hosts [59, 139] . Nevertheless, X-ray crystallographic studies of 13 seemingly dissimilar type II ENases demonstrated unequivocally that they share a common structural core and metal-binding/catalytic site, arguing for extreme divergence rather than independent evolution of a similar fair-sized domain (for the most recent reviews see [10, 38, 61, 140] ). This domain, termed "PD-(D/E)XK" for a very weakly conserved signature of the active site, turned out to be common to other nucleases, including phage Since the sequences of structurally characterized PD-(D/E)XK cleavage domains seemed too divergent for "regular" phylogenetic analysis, a structure-based treeing has been carried out in a similar manner to that performed for MTase domains [140] . From this and other structure-based comparative studies it can be concluded that the PD-(D/E)XK superfamily can be divided into two lineages, roughly corresponding to "5¢ four-base overhang cutters" like EcoRI or BamHI that interacts with the target DNA predominantly via an a-helix and a loop and the "blunt end cutters" like PvuII and EcoRV that use a b-strand for DNA recognition [38] . A hypothetical evolutionary scenario of evolution of the two main ENase lineages based on comparison of publicly available crystal structures is shown in Fig. 9 .
Recently, despite limitations resulting from extreme divergence of the PD-(D/E)XK domain, state-of-the-art algorithms for sequence comparisons and structure prediction allowed to identify it in a variety of other genuine and putative nucleases, including the (m . It is tempting to speculate that EndA may be related to a "common ancestor" of the PD-(D/E)XK superfamily (Fig. 9) , however this hypothesis must await a thorough structure-based phylogenetic study with atomic coordinates of more ancient nucleases available.
Ironically, following the series of crystallographic studies suggesting common origin of all ENase domains in restriction enzymes and related DNA repair and recombination enzymes, bioinformatics studies provided evidence that some bona fide type II ENases are in fact diverged members of other well-studied nuclease superfamilies, unrelated to the PD-(D/E)XK enzymes (Fig. 10) . It has been found that the N-terminal part of the type IIS restriction enzyme exhibits low sequence similarity to an EDTA-resistant nuclease (Nuc) of Salmonella typhimurium, and the relationship of these nuclease domains has been confirmed experimentally [ and certain multimodular type II restriction enzymes suggests that the "remote cutters" arose independently multiple times from various combinations of "cleavage domains" and TRDs with alternative folds and therefore represent an interesting example of convergent evolution.
DNA translocase (helicase-like) domain
All type I and III restriction enzymes, together with the modification-dependent en- [158, 159] . The block is normally another enzyme molecule translocating from another site or a topological barrier resulting from supercoiling of the loop between the two enzymes, explaining the dependence of reaction on two sites. However, other non-specific blocks to translocation, such as a bound repressor or a Holliday junction also stimulate cleavage. One peculiarity of type I enzymes is that they do not turn over in the cleavage reaction, but they hydrolyze ATP long after DNA cleavage has stopped [160] . In contrast, type III enzymes, require a specific contact between the two translocating enzyme molecules and non-specific blocks are inhibitory [19] . Bickle and coworkers demonstrated that cooperation between two enzymes is necessary for ds DNA cleavage, since each translocating enzyme complex cuts only one strand of DNA [22] .
The R subunit of all type I RM systems and the Res subunit of all III RM systems comprise two modules: a large DNA translocase module, exhibiting sequence similarity to certain DNA and RNA helicases (Fig. 11a) [161] and a small PD-(D/E)XK cleavage domain (Figs. 1c, 2b) . In type I enzymes the PD-(D/E)XK domain is located at the N-terminus of the DNA translocase domain, while in type III enzymes it is located at its C-terminus [12], implying another case of sequence permutation in RM proteins.
Helicases are enzymes that separate duplex DNA or RNA into single strands with the help of ATP; on the basis of sequence comparison, they have been classified into five "superfamilies" (reviewed in refs. [162, 163] ever, many proteins containing motifs common to one or more of the "superfamilies" and described initially as "putative helicases", do not appear to catalyze an unwinding reaction [163] . Remarkably, the strand separation and translocation activity could not be demonstrated for type I and III ENases, however it is believed that they accomplish dsDNA translocation via a helicase-like mechanism [12] . The DNA translocase module of type I and III ENases belongs to the large group of evolutionarily related enzymes, which includes helicase superfamilies I and II and various DNA recombination and repair enzymes [12, 146] . This module spans two structurally similar domains, whose fold is related to that of the RecA protein [164] , and several regions, which are not conserved between "superfamilies" and which in type I ENases were suggested to form additional domains required for protein-protein interactions [12] (Fig. 1c) .
McrBC is the only known nuclease, which requires GTP [157] . Deletion mutagenesis studies demonstrated that the N-terminal domain of McrB, missing from the naturally truncated form McrB S , is solely responsible for DNA binding and can be regarded as the TRD [165, 166] . On the other hand, GTP-binding motifs were identified in the amino-acid sequence of the central and C-terminal region of McrB [66] , which also harbors determinants for binding of McrC [167] . However, site-directed mutagenesis studies suggested that McrB is functionally and presumably structurally distinct from the classic GTP-binding proteins [168] . Recently, based on extensive bioinformatics analysis, it has been suggested that the GTPase module of McrB is related to the so-called AAA-ATPases (ATPases associated with a variety of cellular activities) [169, 170] , as well as the DnaA and RuvB helicases, the Clp/Hsp100 family, clamp loading subunits for DNA polymerase, dynein motors and other proteins that appear to function as molecular matchmakers in the assembly, operation, and disassembly of diverse protein machines or DNA-protein complexes [171] (Fig.  11b) . In many cases, AAA domains assemble into hexameric rings that are likely to change their shape during the ATPase cycle (reviewed in ref. 
Regulatory proteins
The characterization of type II RM systems has shown that some systems contain other components in addition to the requisite endonuclease and methyltransferase. One of these is the C (controller) protein, which has been proposed to allow establishment of RM systems in new hosts by delaying the appearance of restriction activity; its gene generally precedes and in some cases partially overlaps the ENase gene [174] . C proteins have not yet been structurally characterized, but their amino-acid sequences reveal that they are probably helix-turn-helix proteins similar to numerous known activators and repressors of gene expression (reviewed in ref.
[175]). Sequence comparisons have identified a conserved DNA sequence element termed a "C box" immediately upstream of most C genes [176] . It has been shown that C.PvuII and C.BamHI are DNA-binding proteins that bind to the C box and by autogenous activation of the polycistronic pvuIICR or bamHICR promoter contribute to the temporal activation of the ENase gene expression (ref. [177] and A. Sohail, I. Ghosh, R.M. Fuentes, and J.E. Brooks, unpublished results cited therein). It has been also demonstrated that there is some cross-complementation between the C genes from different RM systems [178] .
Kobayashi and coworkers reported that some type II RM systems on plasmids resist displacement by a plasmid bearing RM systems with ENase and MTase of distinct specificity but the C protein of the same specificity. An apparent cell suicide results from chromosome cleavage at unmodified sites by prematurely expressed ENase from an incoming RM system [179]. In general, C genes were found to play important roles in the maintenance, establishment, and mutual exclusion of RM systems. These roles are reminiscent of the strategies of temperate bacteriophages [180] and are in accord with the "selfish gene" hypothesis for the spread and maintenance of RM gene complexes [5, 181] (see also below).
The regulatory protein from the unusual LlaI RM system [62] was shown to enhance expression of LlaI restriction at a post-transcriptional level rather than to function as a transcriptional activator, despite its sequence similarity to HTH proteins [182] . Similarly, regulation of the ENase activity by inhibiting intracellular subunit association was reported for the PvuII enzyme and a 28-amino-acid peptide, designated W.PvuII [183] .
Other elements associated with RM systems
There have been several reports of the close association between enzymes involved in DNA mobility and RM systems. Genes and partial genes encoding phage-like integrases and other proteins from the tyrosine recombinase (Int) superfamily occur next to the sinIR [184] , accIM [185] , ecoHK31IM, and eaeIM genes [186] . Genes for putative proteins similar to DNA invertases and resolvases are found near the PaeR7I [187] , BglII [188] , and ApaLI [189] RM systems. A complete copy of the IS982 element with a DDE-superfamily transposase-encoding gene was identified between the llaKR2IR and llaKR2IM genes [190] ; a putative transposase was also found in the intergenic area between the eco47IR and eco47IIM genes [191] . These proteins may facilitate the transfer of RM genes among different bacterial strains.
Genomic context of evolution, structure, and function of RM systems
Currently hundreds of sequences of functionally characterized DNA MTases and ENases are available in public databases [192] . Although this number is still growing, we are also faced with a virtual explosion in the number of sequences of putative RM protein deduced from data produced by numerous Prokaryotic genome-sequencing projects. 75% of completely sequences genomes appear to contain multiple RM systems (up to two dozens in the case of Helicobacter pylori J99), most of which have never been assayed biochemically. However, as emphasized based on the recent results of genome-wide analyses carried out for putative RM systems of H. pylori J99 [193] , H. pylori 26695 [194] and Cyanobacterium Anabaena strain PCC7120
[122], many of the candidate genes are in fact pseudogenes in various states of decomposition. Nevertheless, as demonstrated for the Hpy99I system, which has been identified based on sequence analysis and subsequently characterized biochemically, the remaining active RM genes, may be a rich source of novel specificities [193] . Evidently, the genomebased screening method has several important advantages over conventional methods employing testing the crude cell extracts for their restriction activity: it can save the fermentation of large amount of microbes, which may pathogenic or very difficult to grow; and allows cloning and expression of RM systems, whose activity is not detectable in cell extracts.
Genome-wide comparisons carried out for pairs of related strains of: e-Proteobacteria H. pylori [195] and Archaea Pyrococcus abyssii and P. horikoshii [196] suggested that the presence of RM systems is often associated with various types of genome polymorphisms. It has been noted, that certain chromosomal loci in different strains of related bacteria may be associated with unrelated or very remotely related RM systems that exhibit different specificities [197] . This suggests that the representational difference analysis may be used for isolation of novel RM systems based on genomic sequence analysis even if the sequence of the genome of the strain of interest is not available.
From the data generated by combined theoretical and experimental genomic approaches many more surprises can be expected, not only as a result of enzymes with new specificities or new "types" combining old domains in unprecedented manner, but also because some RM systems may comprise novel domains, not related to those described in this article. For instance, it seems plausible that some restriction enzymes comprise cleavage domains homologous to the LAGLIDADG, AP, RusA, RuvC/RNase H or other nuclease superfamilies [147, 198] , rather than the PD-(D/E)XK, HNH, GIY-YIG and Nuc superfamilies described to date. On the other hand, the numerous ongoing structural genomics programs will undoubtedly provide more insight into cases like the yeast RPB5 subunit of RNA polymerase from Saccharomyces cerevisiae, which comprises a PD-(D/E)XK-like domain without the nuclease active site [199] or the EndA enzyme, whose PD-(D/E)XK-like domain acquired the RNase A-like active site on an opposite face of the protein [153] . The latter case is especially interesting, since it suggests that additional binding or catalytic sites could be engineered in structures of restriction ENases from the PD-(D/E)XK superfamily [152] .
The existence of specific relationships between certain restriction enzymes and other evolutionarily conserved nucleases inferred from structural studies and sequence comparisons on a genome scale suggests that they have arisen on multiple occasions from different nuclease lineages [147] . It is tempting to speculate that most of restriction ENases evolved as self-propagating, "selfish" elements from DNA repair enzymes or other cellular nucleases, however the available data do not allow to draw definite conclusions. Nonetheless, in the course of comparative analysis of sequences and structures of various nucleases carried out by our group and by others it became clear that the major families of sequence-specific restriction enzymes are related to either structure-specific or nonspecific nucleases [114, 140, 146, 147, 149, 150, 154, 198] . It suggests that evolutionary pathways leading from non-specific nucleases to highly sequence-specific restriction enzymes or vice versa can be inferred, provided sufficient number of sequences and structures corresponding to "evolutionary intermediates". Even though many putative RM genes are in-active, their sequences may aid in generation of multiple sequence alignments and phylogenetic trees. The use of "intermediate sequences" is also helpful in molecular modeling, where one attempts to predict the three-dimensional structure of a protein of interest based on sequence alignment to a homologous protein of known structure [200, 201] .
Such information could guide mutagenesis experiments aiming at rational engineering of restriction enzymes with new specificities. To date, attempts to change the specificity of type II restriction enzymes using site-directed or random mutagenesis were rather unsuccessful [202, 203] . It has been concluded that even for the very well characterized restriction enzymes, like EcoRV, properties that determine specificity and selectivity are difficult to model on the basis of the available structural information [204] . However, with the broad range of enzymes with different specificities in hand one can systematically analyze the structure-function relationships and follow the evolutionary history of selected families of RM proteins. Since MTases show much greater sequence similarity than ENases, several projects have been launched aiming at engineering of their specificity based on phylogenetic analysis and identification of mutations correlated with functional modifications. To date, there has been no spectacular success; it has been concluded that the evolutionary pathway for specificity change leads through a stage of relaxed specificity (ref.
[108], S. Klimasauskas, personal communication, J.M. Bujnicki and M. Radlinska, unpublished) . It suggests that best targets for specificity engineerning would be not the highly specific enzymes studied presently, but the "sloppy" ones [205] , which make only a few key protein-DNA contacts to recognize their target (or rather a broad range of targets). A similar approach seems applicable for engineering of ENases with novel specificities. In my opinion, engineering specificity into polypeptide loops of inherently non-specific cleavage domains that are able to bind to DNA on their own seems more promising than modifying the highly elaborated DNA-binding surface of enzymes like EcoRV. Unfortunately, only a few crystal structures are available for the non-specific nucleases [112, 206] and none for the "sloppy" MTases. Our unpublished results suggest that the three-dimensional structure of certain ENases can be predicted based on results of sequence-structure threading even in the absence of significant sequence similarity, however it remains to be verified experimentally if such models are of sufficient resolution to guide knowledge-based redesign of DNA-binding determinants. Nevertheless, it is obvious that good insight into evolutionary plasticity of functionally important elements in RM proteins can be obtained in the course of comparative analysis carried out using advanced computational methods. In my opinion the elusive goal of creating MTases and ENases with novel specificities will be achieved only if the large-scale bioinformatics and experimental approaches are combined.
CONCLUSIONS
This review covers recent results on the structure and evolution of RM enzymes. One immediately obvious fact is the rapid acceleration in the production of new data in this field. This has allowed the demonstration of phylogenetic and mechanistic links between RM enzymes and other proteins that often possess similar biochemical or enzymatic properties. The wealth of new data becoming available should help to answer many open questions concerning the structure-function relationships of RM proteins. No doubt the approach of functional genomics will play a significant role in identifying genes coding for novel ENases and MTases, and the newly developed computational tools will guide their experimental characterization and engineering, suggesting that a new era in research on the structure and function of RM systems has just begun. 
